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ABSTRACT
Conjugated polymer nanoparticles (CPN) doped with a mercury sensitive dye are able
to detect ion concentrations as low as a parts-per-billion within an aqueous
environment. Select forms of spirolatam rhodamine dye are capable of selectively
undergoing a ring-opening reaction in response to Hg2+ ions. The initial closed form
presents as a colorless, non-fluorescent, compound while the opened form results in a
colored and highly fluorescent form. The CPNs are also fluorescent, yet at a lower
wavelength and can transfer of their energy into the dye molecules via Förster
resonance energy transfer. The dye’s reaction with Hg2+ goes unhindered by the
presence of CPNs, and their transfer of energy increases the dye molecule’s sensitivity
to mercury. The CPNs provide the additional functionality of stabilizing the hydrophophic
dye, enabling sensing in aqueous environments. The two fluorescent peaks can be
compared, enabling the system to be used as a ratiometric sensor for Hg2+ sensing.
The proposed system previously showed great potential reaching publication in 2012
with a “turn-on” mercury selective fluorescence probe. The initial system increased
detection sensitivity 10-fold, detecting mercury concentrations as low as 700 parts per
trillion. With a proof-of-concept staked work continued with alternate dyes, rhodamine B
S2, capable of switching between an on and off state, and rhodamine B 1NI, a
derivative of the original dye. Unable to reproduce the results of the initial study, work
shifted into isolating the cause of a new fluorescence quenching phenomenon and
procedural refinement of the CPN synthesis.
Unable to rectify the cause of the quenching phenomenon, work shifted to alternate
uses for the CPN system. Preliminary testing of a rhodamine B spirolactam, sensitive to
pH changes has shown potential as fluorescent pH probe. Synthesis has begun on a
dye that would maximize the overlap between its pKa and the CPNs’ window of pH
viability.
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Background
The element was originally named hydragyrum or “liquid silver” by the Greeks for
its silver coloring and flowing state.1 The abbreviation remains, Hg, but it is now known
officially as mercury by the IUPAC. Mercury is a naturally occurring d-block metal
belonging to group IIB on the periodic table and one of three naturally occurring elements
containing a complete outer d orbital. Compared to other d-block metals mercury is
relatively unreactive and highly resistant to corrosion. Mercury’s unique chemical and
physical properties led to its application throughout history.
The first known uses for mercury were in ancient Egypt, where samples have been
discovered dating back to 1500 BC. Egyptians were known to use mercury sulfide
(cinnabar) as a cosmetic for its bright scarlet color. Ancient China believed that mercury
had healing properties and consumption would lead to improved health. China’s first
emperor was believed to have a river of flowing mercury in his tomb. More recent uses
for mercury can be found in electrical switches. A tube containing two electrodes and
partially filled with mercury can be oriented in a manner where all the contained mercury
is positioned on one side or the other. In one orientation the liquid mercury bridges the
circuit, while in the other the circuit is opened. Due to its high density and uniform thermal
expansion properties, mercury provides an ideal medium for use in thermometers. As a
vapor, mercury is used in fluorescent light bulbs. Flowing a current through mercury
vapors causes the molecules to radiate ultraviolet light. That light is then absorbed by the
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white phosphor coating to be reemitted as visible light. Industrially, mercury is relied upon
heavily in the chlor-alkali process.2
Mercury-containing compounds have heavy regulatory control imposed on their
usage. Studies have confirmed that mercury, even at low concentrations, has deleterious
effects on the health of organisms. Concentrations as low as 10–20 ng/L are found to
have toxic effects on humans. Children are even more susceptible to mercury toxicity,
impeding brain development.3 Due to known toxicity, mercury is being phased out of use
in many applications in favor of environmentally-friendly alternatives. However, some
applications require mercury as a critical component that cannot be replaced. Given the
detrimental health concerns and the inability to remove mercury from these processes
there is added stress placed on the proper use and disposable of this potentially harmful
chemical. In these cases, mercury use and emission is regulated by the Environmental
Protection Agency (EPA). The EPA defines the standards of health within the United
States and according to them drinking waters must contain a concentration of less than
2.0 ppb of mercury.4
Mercury is a known heavy metal toxin and presents a major health concern. If
introduced into a water supply it is converted to methylmercury through biogeochemical
interactions. Methylmercury is known to bioaccumulate up through the food chain.
Methylmercury is first sequestered by filter feeders and microbes. Heterotrophs consume
these smaller species, accruing their methylmercury content. As this process is repeated
at each step of the food chain methylmercury accumulates, biomagnifying the mercury
concentrations. As concentrations rise, toxic effects are increasingly observed. One
means of preventing the bio accumulation of methylmercury is to decrease mercury
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entering the environment. Tracking mercury concentration trends within water supplies
and monitoring for increasing levels can provide a means of early intervention and provide
opportunities to remediate mercury contamination before there is a detrimental biological
impact.
Methods of mercury detection have been developed over the years. One such
process of detection is using fluorescence indicators, dye molecules specially designed
to act as a molecular switch. These molecules undergo an identifiable chemical change
when exposed to mercury ions. A rhodamine B derivative, rhodamine B S2 (RB-S2), is
able to selectively undergo a structural change in the presence in mercury ions. The
compound contains an altered functional group capable of selectively responding to
cationic mercury (II). RB-S2 in its original form is a colorless compound that becomes
highly colored in the presence of mercury. The change in color is measurable at
concentrations as low as 1.72 x 10-9 M.5 Unfortunately, a drawback to rhodamine-based
sensors is their water insolubility, hindering their use in aqueous mercury detection.
Our research aims to amplify the fluorescent signal while simultaneously
overcoming the water insolubility of rhodamine-based mercury sensors though the use of
conjugated polymer nanoparticles (CPNs). CPNs’ amphiphilic properties allow for the
stabilization of a hydrophobic molecule in aqueous environments. Additionally, the highly
conjugated nanoparticles are able to shift energy towards the sensor molecules. The
increased energy enhances the dye, enabling the detection of mercury at lower
concentrations.

3

Chapter 1: Introduction
Absorbance
Electromagnetic radiation can be absorbed by molecules, resulting in the molecule
reaching an excited state. The ability of a molecule to absorb energy is dependent on the
discrete gaps between the molecule’s energy levels. The amount and frequency of a
given absorption event is related to the electronic structure and chemical reactivity of the
studied molecule. Quantifying the absorption can be used to elucidate characteristics of
the molecules.
Experimentally, absorption can be quantified as the change in intensity of radiation
entering a medium to radiation exiting the medium. Absorbance is expressed in equation
form:
! = log

&'
&

(1-1)

Absorbance (!) being the log of initial intensity (&' ) over the resultant intensity (&).
Absorbance can then be used to determine the concentration of a solute given that the
selected medium does not absorb light at the incident wavelength and that a portion of
the initial light passed through the medium. The relationship between concentration and
absorbance is known as the Beer-Lambert law or commonly referred to as Beer’s law:
!=(*+

(1-2)

Epsilon (() represents the molar absorptivity (- ./*01 +.01 ), * represents the path length
(+.), and + is the concentration of the sample (./* -01 ). Molar absorptivity, or the molar
attenuation coefficient, is a measure of how well a molecule will absorb light at a given
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wavelength and is a constant for a given molecule. Knowing this value, the path length of
the sample, initial, and final intensity of light, the sample concentration can be determined.

+=

&
log 2 &' 3

(1-3)

(*

Beer’s law can be utilized in chemical analysis, allowing for rapid determination of solute
concentration.

Fluorescence
Luminescence is the emission of light from matter that is not a result of heating.
Luminescence

can

be

sub

categorized

into

two

types,

fluorescence

and

phosphorescence, based on the nature of the excited state. If in a singlet excited state,
the relaxation process occurs quickly, on the time scale of nanoseconds, and is referred
to as fluorescence. If in an excited triplet state, the relaxation process occurs over a longer
period, milliseconds to seconds. The later process is referred to as phosphorescence.
Fluorescence is often seen in aromatic molecules. Aromatic molecules are
molecules containing conjugated ring structures with 4n + 2 pi electrons. Prominent cases
of fluorescent molecules are depicted in Figure 1. Note the prevalence of highly
conjugated, multi-ring structure. Molecules capable of emitting light via a fluorescent
pathway are commonly referred to as fluorophores.
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Figure 1: The molecular structures of three common fluorophores.
When incident light induces a fluorescent event, the resultant light will be at a
longer wavelength than the inducing light. The difference between the wavelengths is due
to part of the initial energy being lost to non-radiative relation. Kasha’s rule states an
electronically excited molecule will only emit a photon from the lowest energy excited
state. An excited molecule must undergo non-radiative relaxation to the lowest excited
state prior to emitting a photon. An example of this process is given in Figure 2.
After an absorption event has occurred the molecule is placed in a higher energy
state. While in this state the molecule has multiple ways of releasing the stored energy.
The probability that the energy will be released in the form of fluorescence relative to the
number of photons absorbed can be defined as the quantum yield, 4.
4=

# 6ℎ/8/9: ;.<88;=
# 6ℎ/8/9: >?:/@?;=

(1-4)

Quantum yield is the measure of the emission efficiency of the molecule.

Jablonski diagram
A Jablonski diagram is often used as a simplified visualization of the multiple
energy states within a molecule. A typical Jablonski diagram is shown in Figure 2. The
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energy states are graduated vertically according to the state’s potential energy. Molecules
have multiple electronic energy levels, written as S0, S1, S2. Each electronic energy state
is subdivided into vibronic energy levels, notated by the 0, 1, 2, 3. Arrows within a
Jablonski diagram are used to visualize the transitions between different energy states.
The direction of the arrow indicates whether an absorption, upwards arrow, or emission,
downward arrow, process is occurring. The shaft of the arrow is often a solid, dotted or
dashed to indicate the type of process that is occurring. A solid arrow indicates radiative
transition and a dotted, dashed, or wavy arrow indicates non-radiative transition.

Figure 2: A Jablonski diagram depicting the energy transitions from absorption to
emission.
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Fluorescence Quenching
The quantum yield of fluorescence can be altered by various external factors.
When the intensity of fluorescence is decreased, the fluorescence is said to be quenched.
The molecular actor that causes a quenching event is often referred to as a quencher.
The quencher creates an alternate pathway for relaxation from an excited state or
reducing the population of molecules entering the excited state. One cause of quenching
is contact with neighboring molecules and is referred to as collisional quenching. Colliding
with the additional molecule enables alternate pathways for relaxation from the excited
state. The additional pathway reduces the frequency of relaxation by emitting a photon
and a decrease in fluorescence. Common collisional quenchers are oxygen, halogens,
and amines. A second method of quenching is static quenching. Static quenching occurs
when a fluorophore forms a complex that reduces the emission efficiency of the original
molecule. Alternate forms of quenching involve reducing the amount of incident light being
absorbed.6

Förster Resonance Energy Transfer
When the emission spectra of a fluorophore, the donor, overlaps with the
absorption of a nearby molecule, the acceptor, a unique process of energy transfer can
occur. An example of this spectral overlap is presented later in Figure 5. The energy from
the donor’s excited state is transferred to acceptor, placing the acceptor into an excited
state. This method transfer of energy is referred to as Förster resonance energy transfer,
or fluorescence resonance energy transfer (FRET). The energy is not the result of
emission from the donor molecule; instead, the energy is shifted between these two
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molecules non-radiatively through a dipole-dipole coupling. Hence, there is no
intermediate photon being released by the donor. A Jablonski diagram illustrating a
Förster resonance energy transfer is displayed in Figure 3. The transition of HOMO and
LUMO states of a FRET pair are depicted in Figure 4.
FRET occurs due to a dipole-dipole coupling of the two molecules; therefore, the
strength of this interaction decreases with distance, and the probability of FRET occurring
is highly distance-dependent. FRET expressed as a quantum yield can be calculated by
the following equation
A=

1
@
1 + 2D 3

E =

D'E
D'E + @ E

(1-5)

'

where A is a measure of FRET efficiency, @ is the distance between the donor and
acceptor, and D' is the Förster distance. The Förster distance is the distance at which
energy transfer between molecules is 50 percent and is dependent on the integral of
spectral overlap between the donor’s emission and acceptor’s absorption. An example of
the area of spectral overlap is represented by shaded pink in Figure 5. The distance
between the molecules play a large role in FRET efficiency, with transfer only occurring
when the distance between donor and acceptor is less than 10 nm.7 FRET efficiency is
dependent on the distance, this in turn can be used as a method to calculate the distance
between a FRET pair. Using FRET to determine the distance between two molecules has
been referred to as a “spectroscopic ruler”.7 For molecules to be considered a good FRET
pair, the two molecules must have both a high degree of spectral overlap and be near
one another in space. To clarify, donor and acceptor are often two separate molecules,
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but it is possible for separate areas of the same molecule to act as a donor and acceptor
pair.

Figure 3: A Jablonski diagram illustrating the energy transitions between donor
absorption to acceptor fluorescence.

Figure 4: Depiction of Förster transfer based on spin pairing and the associated transfer
between the highest occupied molecular orbital (HOMO) and the lowest unoccupied
10

molecular orbital (LUMO). The asterisk indicates if the donor or acceptor molecule is in
an excited electronic state.

Figure 5: An example of spectral overlap between a donor emission and acceptor
absorbance. The pink shaded area indicates the area of overlap.

Fluorescent Indicators
Fluorescent indicators are special class of fluorophores. These fluorophores are
unique because they are not constantly fluorescent; instead, their fluorescent property
alters based on the presence or absence of a modifier. The modifier alters the molecule’s
electron distribution, either enabling or disabling fluorescent relaxation. Possible
modifiers include chemical compounds, pH, metal ions, and photons. Fluorescent
indicators are utilized in analytical chemistry to determine the presence or absence of a
modifer. For example, a fluorescent indicator can be designed to react to the presence of
Cu2+ in solution. If Cu2+ is present the indicator will undergo a conformational chance and
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fluorescence will be observed. The intensity of fluorescence can then be used to
determine the concentration of Cu2+ ions in solution.

Scheme 1: RB-S2 ring-opening mechanism proposed by Zhou, et al.
An example of a fluorescence indicator is depicted in Scheme 1. The molecule on
the left is rhodamine B S2, a rhodamine-based fluorescent indicator. In the initial state,
referred to as the closed form, there is a spirolactam 5-member ring at the center of the
molecule containing a quaternary carbon. In this closed form the molecule is nonfluorescent. However, when this molecule is exposed to mercury ions, the ion forms a
ligand bond with two of the sulfurs and one nitrogen atom. This arrangement causes the
electron distribution to shift, breaking the spirolactam ring, but restoring π-conjugation to
the system. With the conjugation restored the molecule is now fluorescent. This form of
the molecule is referred to as the open form. The molecule is selectively reactive to
mercury ions; other metal ions will not cause the ring to open. By altering the molecules
that bind to the mercury ion, it is possible to create an analogous molecule that is reactive
to another metal ion, to pH, or even strong light. RB-S2’s reaction with mercury is
reversible; therefore, this fluorescence indicator is referred to as a chemosensor. An
indicator molecule that undergoes an irreversible reaction in the presence of an analyte
is referred to as a chemodosimeter.
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Conjugated Polymer
A polymer is a molecule composed of multiple repeated subunits. If the subunits
contain patterns of alternating single and double bonds, a conjugated π system, the
resulting polymer is referred to as a conjugated polymer. First noted in Shirakawa, et al.
in 1977, conjugated polymers have become a growing field of organic polymer
semiconductors.9 Initial interest in conjugated polymer was based on their systematic
and controllable electrical properties. The material has since found application in light
emitting diodes (LEDs), organic solar cells, and lasers.10
Common conjugated polymer backbones are polyfluorenes, polyphenylene
ethynylene, polyphenylene vinylenes, and polythiophenes. Examples of two conjugated
polymers are displayed in Figure 6 and Figure 7. The molecular structure would indicate
that the entire molecule contains a continuous system of π-conjugation. However, due to
spatial interactions and chemical defects, conjugation is broken into multiple discrete
units. Spatial interactions include chain-chain packing, conformational defects,
aggregation, bending and kinking of the conjugated polymer chain.11 Conjugation is
continuous for 4 to 10 monomers on average. The area of conjugation directly affects the
energy gap between electronic states, and thus the photophysical properties of the
molecule (absorption and emission characteristics). Alterations to the conjugation can be
used to tune the absorption and emission properties of the conjugated polymer.
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Figure 6: The molecular structure of the conjugated polymer PFBT.

Figure 7: The molecular structure of the polymer PF-MEH-PPV.

Conjugated Polymer Nanoparticles
Conjugated polymer nanoparticles (CPNs) are nanoparticles formed from
conjugated polymers, either a single or a blend of conjugated polymers.12 CPNs display
the same photophysical properties of conjugated polymers while providing an additional
degree of tunability: a wide variety of conjugated polymer structures to choose from,
combinations of different conjugated polymers, and surface modifications. The benefit
from using a combination of polymers during CPN formation is that they have mechanical,
optical and electro-optical properties not possible with a single polymer system.12 In
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addition, CPNs are nontoxic and biocompatible allowing for fluorescence imaging within
a living cell.13
There are three common methods for CPNs preparation: mini-emulsion,14,15 nanoprecipitation, and self-assembly.16 Nano-precipitation involves dissolving conjugated
polymer in a good solvent prior to rapid dispersion in excess poor solvent. The change in
environmental properties cause the conjugated polymers to aggregate, the initial good
solvent is removed, and nanoparticles are formed from the condensed conjugated
polymer. Studies indicate that the final diameter of the particle is relative to the initial
polymer concentration.17 Mini-emulsion follows a similar procedure to nano-precipitation;
however, instead of the good solvent being miscible with water, an immiscible solvent
and a surfactant are used. Self-assembly relies on dissolving oppositely charged
conjugated polymer and co-assembling reagent. CPNs are formed with the aid of the coassembling reagent, then the CPNs are separated with the aid of centrifugation.
CPNs allow for the stabilization and dispersion of hydrophobic molecules in a
completely aqueous environment. If hydrophobic molecules are introduced with the good
solvent during nano-precipitation, they would be dispersed along with the conjugated
polymer. Upon removal of the good solvent the aggregation of the nanoparticles would
form a sphere of polymer encapsulating a pocket of hydrophobicity. Within this pocket the
hydrophobic molecule would be stabilized. As the nanoparticles disperse within an
aqueous environment so do the hydrophobic molecules.
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Instrumentation
Ultraviolet-Visible Spectrophotometer

Figure 8: An illustration of a typical ultraviolet-visible spectrophotometer’s optical setup.
The ultraviolet-visible spectrometer (UV/Vis) is a spectroscopic tool used to
measure the absorption spectrum within the ultraviolet-visible range of wavelengths. The
UV/Vis functions by emitting white light from a light source. The light passes through a
monochromator creating a resulting light of a single wavelength. That light then passes
though the sample and onto a detector. The initial intensity of light is compared to the
intensity of transmitted light at the detector. If there are no absorbing molecules in the
path of the light, the incident intensity will be equal to the transmitted intensity. If light is
absorbed by molecules as it passed through the sample, the intensities will differ.
Absorbance can then be calculated by taking the log of the quotient of initial intensity over
detected intensity (Equation 1-1).
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Fluorescence Spectrophotometer

Figure 9: An illustration of a typical fluorescence spectrophotometer’s optical setup.
A fluorescence spectrophotometer is an instrument used to measure a sample’s
fluorescent emission. White light is emitted from a light source. The light is restricted to a
single wavelength with the use of a monochromator. The monochromator can be adjusted
to vary the wavelength of the incident light. The light then passes through an adjustable
slit and onto the sample. The light is then be absorbed by the sample and remitted as
fluorescence. The resulting fluorescence is emitted in all directions. The emitted light then
pass through a secondary slit, placed at a right angle of the incident light, through a
secondary monochromator, and onto the detector. The slits are broadened or narrowed
to control the amount of light reaching the sample and the detector. The detector is placed
17

at a right angle of the sample to reduce interference from transmitted light from the light
source. A simplified schematic of a fluorescence spectrophotometer is illustrated in Figure
9.
This setup is able to produce an emission spectrum, an excitation spectrum, and
a fluorescence kinetic trace. An emission spectrum introduces light at a single incident
wavelength and monitors a range of resultant wavelengths. An excitation spectrum
introduces light at a range of incident wavelengths and monitors a single resultant
wavelength. A fluorescence kinetics trace uses a single incident wavelength and monitors
a single resultant wavelength over time. Kinetic tracings are useful to monitor if the
fluorescence is changing over time

Dynamic Light Scattering Instrument
Dynamic light scattering (DLS) is a technique to determine the size distribution of
sub-micron particles in suspension or solutions. The technique has also been referred to
as quasi-elastic light scattering (QELS) or photon correlation spectroscopy (PCS). The
technique is useful for a wide variety of particulates, including proteins, polymers,
emulsions, vesicles, micelles, silicas, and other colloidal suspensions. The system
passes a monochromatic light through the sample, causing light to scatter. By measuring
the variations within the scattering pattern, the size of the particles can be determined.
The scattering pattern is produced by the phenomenon of Rayleigh scattering.
Sample particles must to be smaller than the wavelength of light used. The light passing
over the particles causes them to begin oscillating at the same frequency as the light. The
oscillating particles act as small radiating bodies and radiate light, or scatter light, in all
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directions. This radiated light is referred to as Rayleigh scattering. The scattered light from
one particle interacts with the scattered light from the other particles, constructively or
destructively interfering. This light projected onto a flat surface will produce a diffraction
pattern with many bright and dark spots.
Brownian motion states that particles in solution or suspension will undergo erratic
random movement as a result of interaction with the medium. Therefore, the diffraction
pattern will constantly change over time due to the movement of the particles. Brownian
motion states that smaller particles diffuse at a higher rate than larger particles. The
smaller particles will be moving faster and producing more fluctuation in the scattering
pattern.8 Monitoring the change in the scattering pattern over time is used to then
determine the size of the particles. The system interprets the fluctuations in the scattering
partner using an Autocorrelation function. The function derives a diffusion coefficient for
the particle, which in turn is used to derive the size of the particles.

Figure 10: An illustration of a typical DLS’s optical setup.
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An illustration of a DLS instrument’s optical setup is presented in Figure 10. The
sample is loaded into a cuvette and placed within the instrument. A single wavelength of
light is produced from the light source illuminating the sample. The detector is placed at
either 90 degrees (right angle) or 173 degrees (back angle) from the sample. As the light
passes through the sample light is scattering is all directions. The detector measures the
resulting scattering pattern, sending the information to be interpreted by the correlator.
The correlator uses the system’s autocorrelation function to calculate a particle size
distribution.
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Chapter 2: Mercury Detection in Aqueous Medium
Materials
All reagents and solvents are analytical grade, commercially available, purchased
through Sigma-Aldrich (MilliporeSigma), and used without further purification unless
otherwise stated.

Dye Synthesis
Rhodamine B, 99%, hydrazine hydrate, 50-60%, 2- thiophenecarboxaldehyde,
98%, 1-Naphthyl isothiocyanate, 98%, Triethylamine, 99%, and Lawesson reagent, 97%,
were all obtained through Sigma-Aldrich. Ethylenediamine, >99%, was purchased from
ReagentPlus through Sigma-Aldrich. Silica Gel, Standard Grade, 60A, 40-63um (230 x
400 mesh), was purchased through Sorbent Technologies.

Conjugated Polymer Nanoparticle Preparation
Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT)
unit number ADS133YE and Poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-{2methoxy-5-(2-ethylhexyloxy)-1,4-phenylene}] (PF-MEH-PPV) unit number ADS108GE
were both purchased through American Dye Source, Inc. (Quebec, Canada). Additional
polymers were poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB-VA-VA)
purchased from Sigma-Aldrich and 1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamineN-[methoxy(polyethylene glycol)-2000] (PEG2000-PE) purchased through Avanti Polar
Lipids (Alabaster, AL, USA). Tetrahydrofuran (THF) was purchased from ACROS
Organics at 99.85% or 99.9% purity, extra dry, with no stabilizers, or from Sigma-Aldrich
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at 99.9% purity with no inhibitors depending on availability. All water used during
conjugated polymer nanoparticle formation was purified to ultrapure grade using a
Thermo Scientific Barnstead Easypure II and stored in a sealed brown jar until use. 0.22
µm durapore membrane filter were purchased from Merck Millipore, now Millipore Sigma
(reference number GVWP02500). 0.7 µm glass microfiber filters grade GF/F were
purchased from Whatman through Sigma-Aldrich.

Instruments
Rotary evaporation was conducted with a BÜCHI Rotavapor R-200. Reduced
pressure environment for evaporation under reduced pressure was produced with a
ChemStar 1400N by Welch. 1H and 13C NMR measurements were performed on a 400MR NMR DD2 system from Agilent Technologies. All chemical shifts are reported in parts
per million downfield of tetramethylsilane, the internal reference solvent. Argon sparging
flow rate was controlled using a Cole-Parmer 65-mm Correlated Flowmeter with a
maximum flow rate 2520 mL/min air. Sonication was conducted on a Branson 1510
Ultrasonic Cleaner. All DLS studies were conducted on a Nicomp ZLS Submicron Particle
Sizer Z3000 running software ZPW388 version 2.13. Ultraviolet-visible absorption spectra
were measured using either a Cary 50 or Cary 60 UV-Vis Spectrophotometer from Agilent
Technologies. Fluorescence spectra and fluorescence kinetic traces were measured
using a Cary Eclipse Fluorescence Spectrophotometer from Agilent Technologies.
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Experimental
Synthesis of Rhodamine B Hydrazide

Scheme 2: Rhodamine B hydrazide synthesis
The rhodamine B hydrazide (RB-HA) synthesis was derived from literature
sources.18,19 Rhodamine B (1.0 g) was dissolved in ethanol (30 mL) in a 50 mL round
bottom flask. A stir bar was added, and the solution was left to stir until all rhodamine B
was dissolved. Excess hydrazine hydrate (15.12 mL) was added to the round bottom flask
via micropipette. The solution was heated to 80 °C and left to reflux for 16 hours. The
color changed as the mixture refluxed from an opaque crimson/dark red to a translucent
amber/orange. Reflux was halted, and the solvents removed via rotary evaporation.
The resulting powder was dispersed with minimal HCl (1 molar) in a 500 mL
Erlenmeyer flask. The initial solution was red in color. The solution was titrated with NaOH
(2 molar) until the pH was between 8 - 9 and a pink precipitate was formed. The mixture
was passed through a Büchner funnel to extract the precipitate. The solid was left on the
funnel under vacuum for 30 minutes to dry the compound. The powder was then
transferred to a 20 mL clear vial to finish drying under reduced pressure. The resulting
RB-HA was stored in a freezer (< 0 °C) until used.
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Synthesis of Rhodamine B Ethylenediamine

Scheme 3:Rhodamine B ethylenediamine synthesis
Rhodamine Ethylenediamine (RB-EDA) was synthesized according to literature
sources.20,21 Rhodamine B (1.0 g, 2 mmol) was added to a 50 mL round bottom flask and
dissolved in methanol (20 mL). A stir bar was added. The flask was then transferred to a
hotplate and set to stir. Ethylenediamine (1.8 mL, 2.7 mmol) was added dropwise. The
hotplate was set to 65 °C and the solution was left to reflux for 24 hours. The solution
transitioned from a dark red/crimson to a translucent orange. Reflux was halted, and the
solvent was removed via rotary evaporation.
The crude product was transferred to a 250 mL Erlenmeyer flask and dissolved in
100 mL of HCl (1 molar). The solution was titrated with NaOH (1 molar), pink precipitate
formed. The titration was continued until the pH was between 8 - 9. The solution was
passed through a Büchner funnel to extract the precipitate. The powder was left under
vacuum on the funnel for 30 minutes to partially dry the product. The solid was transferred
to a 20 mL clear vial to finish drying under reduced pressure. Resulting RB-EDA required
no further purification and was stored in the freezer (< 0 °C) until used.
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Synthesis of Rhodamine B S2

Scheme 4: Rhodamine B S2 sythesis
Rhodamine B S2 (RB-S2) was synthesized by previous students according to
literature procedures from Zhou, et al.5 The starting material, RB-HA, was produced
based on the procedure from Xiang, et al.22 RB-HA undergoes a thiolation reaction with
the Lawesson’s reagent, replacing the RB-HA’s ketone with a thioketone forming
thiooxorhodamine B hydrazide (T-RB-HA). The compound then undergoes a
condensation with 2- thiophenecarboxaldehyde forming RB-S2. The steps of the RB-S2
synthesis is depicted in Scheme 4.
Equal molar concentration of RB-HA and the Lawesson’s reagent were dissolved
in dry toluene. The solution was set to reflux for 24 hours at 90 °C. Reflux was halted,
and the solvent was removed with rotary evaporation. The resulting powder was dissolved
in potassium carbonate then extracted with methylene chloride. The product was purified
using column chromatography. The column was packed with silica gel and eluted with
hexane and ethyl acetate (40:60, v/v). The product, T-RB-HA, was dried under reduced
pressure.
T-RB-HA and 2- thiophenecarboxaldehyde at a molar ratio of 2:3 were dissolved
in methanol. The solution was left to reflux at 60 °C for 12 hours while under argon gas.
The resulting product, RB-S2, was purified through recrystallization then dried under
reduced pressure. RB-S2 was stored in a deep freezer (< -80 °C) in a light blocking
container until use. Product formation was confirmed with NMR.
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Synthesis of Rhodamine B 1NI

Scheme 5: Rhodamine B 1-naphtyl isothiocyanate synthesis
Rhodamine B 1-naphtyl isothiocyanate, RB-1NI, was synthesized using the
procedure developed by Chen, et al.23 The starting product, RB-HA, was produced using
the same procedure from the RB-S2 synthesis.5 RB-HA was reacted with 1-naphthyl
isothiocyanate, undergoing a condensation reaction to form RB-1NI as shown in Scheme
5.
Rhodamine B hydrazide (0.228 g, 0.5 mmol) was dissolved in 20.0 mL of
anhydrous acetonitrile in a 100 mL round bottom flask. A football shaped stir bar was
added and set to stir at moderate speeds. A solution of 20.0 mL anhydrous acetonitrile
and 1-napthyl isothiocyanate (0.185, 1.0 mmol) was added dropwise to the round bottom
flask as it stirs at room temperature. The solution was sealed with a septum and left to
stir overnight (16 hours). The round bottom flask was transferred to the rotary evaporator
where most of the solvent was removed. The remaining solution was pipetted into a 20
mL clear vial and evaporated under reduced pressure on a vacuum line.
The product was purified using column chromatography. The column was packed
with silica gel via the slurry-packing technique.24 The elution was a mixture of ethyl
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acetate and hexane (20:80, v/v) with an additional two percent by volume of triethylamine.
The amount of ethyl acetate was increased in 20 percent increments until the final eluent
ratio of ethyl acetate to hexane (80:20, v/v) was reached. During the entire process the
eluent maintained two percent trimethylamine by volume. The product was colorless in
the column unless irradiated via ultraviolet light and followed closely by a purple band.
The product was dried under reduced pressure to yield a beige colored compound. The
product was stored in the freezer (< 0°C) until used. The compound’s structure was
confirmed via NMR.

Methods
Column Chromatography
Reactions often have residual reagents or undesired material in the final product.
Column chromatography provides a method of sample purification for a broad variety of
mixtures. A vertical glass column is packed with adsorbent, usually silica gel or alumina,
and an eluent, a solvent or mixture of solvents, flows down through the column. The
sample containing impurities is placed at the top of the column. As the sample passes
through the column the individual compounds will interact with the packing material
differently based on their polarity. This interaction causes the compounds to move
through the column at differing rates and elute from the column separately. The retention
time of the sample can be controlled through careful selection of stationary and mobile
phase. Flash column chromatography uses the addition of air pressure to push the
solvent, increasing the rate of elution to provide a method for rapid sample separation.25
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Column preparation begins by assuring all the glass wear is cleaned and dry. If
any residue remained from a previous run, the column is rinsed with methanol and dried
before use. Check that the stopcocks’ rubber O-ring is intact and does not show signs of
cracking. Assemble the stopcock and assure it is set to the closed position. If the column
does not have a built-in frit disk, a small amount of glass wool will need to be packed into
the bottom of the column. Place the wool into the column and using a long rod push the
wool gently into place. The wool will act as a stopper, preventing any sand or silica from
passing through the column. Add dry silica gel to the column, roughly two-centimeter
above the desired height for the packed column. All columns discussed within this work
are run with silica gel as the stationary phase. Filling the column to 1/3 or 1/2 column’s
height is advised. Pour the silica gel from the column into a 500 mL beaker. Add eluent
to the beaker until all silica gel is wet, stir to combine, and assure the silica is free floating
within the eluent.24 Wetting the silica gel prior to addition to the column is referred to as
the slurry-packing method. Clamp the column in place. If the column does not have a
fritted disk, pour a one-centimeter layer of sand to the bottom of the column to cover the
glass wool. Pour the silica gel slurry into the column using the aid of a powder funnel.
Place a clean beaker beneath the column and open the stopcock. The silica will begin to
settle to the bottom of the column. Pipette eluent from the beaker into the top of the
column to rinse a silica from the bulb or along the sides down the column. As silica
continues to settle, a space will form between the top of the silica and the solvent. The
house air lines can be attached to a 24/40 ground glass fitting with a vinyl tube. Fit the
attached air hose to the top of the column to apply air pressure and push solvent through
the column. Applying air pressure will hasten packing the silica gel. The silica level on the
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column will decrease until a point; watch carefully for when the silica level becomes
constant. At this point the column is “packed”. Using the powder funnel sand can be
sprinkled on top of the silica layer, taking care not to disturb the layer. Add sand until a
one-centimeter layer has built up on top of the silica gel. Open and close the stopcock as
needed during this process and add additional eluent as needed. Do not let the solvent
level go below the silica gel. Lower the solvent level to just above the sand layer. If the
sample is in a dry form, solvate with minimal amounts of eluent. Carefully pipette the
impure sample into the column, cautious not to no disturb the silica layer. It can be useful
to pipette the sample along the side of the column. An additional layer of sand can be
added to cover the sample. Start to add additional eluent, careful not to disturb the silica
layer. Start by pipetting in eluent, then pouring slowly until the column is filled. A powder
funnel is useful when adding eluent to reduce disruption to the sand/silica layer. Open the
stopcock and allow eluent to flow down the column. The samples will begin to separate.
Use air pressure to hasten the process and add eluent as needed. Passed eluent can be
reused until the first band passes through the column. Do note that not all compounds will
appear as colored. When bands begin to elute, start collecting in separate containers,
test tubes or round bottom flasks. Eluent ratios can be altered as needed. Continue
passing solvent through the column until all bands have eluted. Once all the bands have
eluted from the column, let the remainder of the solvent pass through the column. The
column can be left to air dry. The residual silica can be placed in waste container and the
column rinsed clean with methanol. The separated bands can have their solvents
removed via rotary evaporation or under reduced pressure, resulting in purified
compounds.
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Dye Storage
Rhodamine dyes containing a spirolactam carbon are susceptible to ring-opening
over time. In an attempt to impede this process, precautions are taken. Spirolactam
rhodamine dyes are stored as a dried powder in an argon purged container. The gap
between the cap and the container is wrapped with parafilm to prevent oxygen exposure.
The entire container is wrapped in aluminum foil to minimize light exposure. When in
frequent use the dyes were kept in one of two laboratory freezers (< 0 °C). For long term
dye storage, samples were stored in a deep freezer (< -80 °C).

Dye Reclosing
Spirolactam rhodamine dyes can transition into their open form due to
environmental factors such as time, light, and heat without the intended analyte present.
These opening events can often be “reclosed’, reforming the quaternary carbon and
reforming the spirolactam ring.
If the dye is in solution when opening occurs the solvent is removed using rotary
evaporation or evaporation under reduced pressure. The dye is then dissolved in minimal
amounts of CHCl3. The color of the solution is noted. If all the dye has opened the color
of the solution will be a dark purple/pink color. If only a portion of the dye opening is open
the color of the solution will be closer to a pale pink. A drop (roughly 50 µL) of triethylamine
is added to the solution to produce a color change. The solution should lose any pink
color and transition to clear/beige. Repeat triethylamine addition until no color change is
observed. A 300 mg sample of dye will take between 2-3 drops to reclose. The solvent is
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then removed from the sample under vacuum at room temperature. The temperature of
rotary evaporation can cause dye opening and should be avoided if possible.

Stock Mercury Solution Preparation
Stock solutions of mercuric ions are formed using mercuric(II) chloride, HgCl2.
Mercuric(II) chloride (2.7 mg) is transferred to a 100 mL volumetric flask, creating a
concentration of 10-4 moles per liter. Serial dilutions are conducted to produce 10 mL of
10-5 and 10-6 molar solutions.

Conjugated Polymer Nanoparticle Preparation via Nano-precipitation
Stock Solution Preparation
The initial stock solution of PFBT was prepared by transferring polymer (1-2 mg)
to a 25 mL round bottom flask. THF was added to form a polymer concentration of 1.0
mg/mL. PVB-VA-VA (1-2 mg) was transferred to a 25 mL round bottom flask and solvated
with THF to form a concentration of 1.0 mg/mL. A stir bar was added to each stock
solution and both were left stirring under argon gas. The PFBT containing round bottom
flask was covered with aluminum foil to minimize light exposure. PFBT was left stirring
for a minimum of 2 hours and PVB-VA-VA for a minimum of 24 hours prior to use.
Nanoparticle Formation
PFBT (120 µL) was transferred from the stock solution to a secondary 25 mL round
bottom flask via micropipette. PVB-VA-VA (45 µL) was added to the round bottom flask.
The solutions was then diluted with THF (2835 µL) to reach a final volume of 3.0 mL. The
THF was used as the good solvent. The concentrations of working solution were 0.040
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mg/mL of PFBT and 0.015 mg/mL of PVB-VA-VA. The solution was vacuum filtered
through a 0.7 um glass fiber filter. The filtrate (1.0 mL) was transferred to a clean 25 mL
round bottom flask. Optionally, dye was added to the round bottom flask if undergoing
“early” dye addition. Ultrapure water (8 mL) was measured via a graduated cylinder and
transferred to a 50 mL round bottom flask. The ultrapure water was acting as the bad
solvent for nanoprecipiation. Both round bottom flasks were sonicated for 30 seconds.
Without halting sonication, the polymer solution (1.0 mL) was pipetted into the center of
the sonicating ultrapure water. The solutions were sonicated for an additional 120
seconds. The polymer/ultrapure water solution was transferred into a 16.0 mL brown vial.
The vial was capped, and the mass recorded. The vial was transferred to a hotplate set
to 50 °C. The cap removed, and the vial clamped in place. The argon sparging needle, a
20-guage needle fitted to the argon line, was centered on the bottom of the vial. Argon
was bubbled through the needle at a rate of 490 mL/min to remove the THF from the
solution. Argon sparging continued for 30 minutes. The vial was checked for the presence
of any residual THF odor. The solution should have no odor. The vial was recapped, the
mass recorded, and volume loss calculated. The solution was vacuumed filtered through
a 0.7 µm filter layered on top of a 0.22 µm filter. Optionally, dye was added to the filtrate
if undergoing “late” dye addition. CPN’s were now formed. It should be noted that the
CPN formation does not require the use of ultrapure water and the procedure can be
completed with deionized water.
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Instrumentation and Characterization of Conjugated Polymer Nanoparticles
Nanoparticle size distribution was determined by using a dynamic light scattering
instrument, Nicomp ZLS Submicron Particle Sizer. CPNs (1 mL) were transferred to a 3
mL plastic cuvette via micropipette. Ultrapure water (2 mL) was added to the cuvette. The
cuvette was transferred into the DLS. The first run of the DLS began. Work shifted to
characterize photophysical properties via ultraviolet spectrophotometer and fluorescence
spectrophotometer. Addition DLS measurements were run as needed.
A series of ultraviolet-visible spectra and fluorescence spectra were taken using
the following procedure. Ultrapure water (2 mL) was transferred to a 3 mL quartz cuvette.
All four sides were wiped down with a clean kimwipe. The cuvette was transfered to the
ultraviolet-visible spectrophotometer. A baseline absorbance measurement was run, and
the direction cuvette was facing during the measurement was noted. The cuvette was
removed, the water emptied, and the cuvette dried. CPNs (2 mL) were transferred to the
dried quartz cuvette. The cuvette was wiped down with a clean kimwipe and returned to
the ultraviolet-visible spectrophotometer, the orientation matched that of the baseline
measurement. The absorbance spectrum of the sample was recorded. The cuvette was
transferred to the fluorescence spectrophotometer. The excitation wavelength was set to
450 nm and the excitation slit width to 5.0 nm, emission range was set to 470 to 700 nm
and the excitation slit width to 2.5 nm. The absorbance spectrum of the sample was
recorded. The cuvette was removed from the sample holder. A sample of mercury was
introduced to the solution via micropipette. One of three stock concentrations was used
(HgCl2, 10-4 M, 10-5 M, and 10-6 M) to add the desired about of mercuric ions. Additions
were on the order of 5-10 µL. At such a small volume the solution was unable to form
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droplets. Therefore, additions were placed along an inside corner of the cuvette to
overcome water tension. A glass pipette was used to draw up roughly 1.0 mL of sample.
The solution was pipetted along the same corner as the mercury. Draw and pipetting was
repeated along the same corner for a total of three times. These steps were taken to
assure the mercuric ions had been introduced to the sample. The cuvette was returned
to the sample holder. Three minutes were allowed to elapse, this gave time for the dye to
interact with the mercury. Fluorescence measurement of the sample were run. The
process repeated for each additional aliquot of mercury; mercury addition, three minutes
of waiting, and an additional fluorescent measurement was taken. After the final
fluorescence scan was taken, the sample down was wiped down with a kimwipe and the
cuvette returned to the ultraviolet-visible spectrophotometer. The cuvette was placed in
the same orientation as the original baseline. A final absorbance measurement was run.
The results of the above instrumentation steps were for particle size distribution,
absorbance spectrum before and after mercury addition, and fluorescence emission
spectrum between each mercury aliquot. These were the standard steps taken for
instrumentation of a CPN sample. Instrumentation varied as needed to include additional
information (e.g. fluorescent kinetic tracings).

Results and Discussion
Mercury ion concentrations have been calculated using ratiometric fluorescent
detection of mercury ions previously using rhodamine-doped CPNs.26 The novelty of the
present work stems from the use of an alternate dye molecules, RB-S2, capable of
switching between an on and off state. Difficulties using RB-S2 prompted subsequent
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work use of an analogue to the original dye, RB-1NI. Complications continued even with
use the RB-1NI with work, stalling due to the inability to elicit an equivalent FRET
response with either dye as well as an overall quenching phenomenon, not previously
observed. Additional issues arose with inconsistencies between CPN procedures.
Instead of pursuing improvements to analyte sensitivity, work shifted to refining CPN
formation and determining the cause of the new overall quenching.
A comparison between the ideal fluorescence spectrum and the typically observed
fluorescence spectrum is presented in Figure 11. The left spectrum shows a decrease of
the CPN peak between 500 and 550 nm for each addition of mercury while there is a
corresponding increase in the intensity of the dye peak around 580. The CPNs are initially
absorbing energy and emitting light. As the dye opens in response to the presence of
mercury, the FRET pathway opens; the CPN peak is reduced, while the dye peak
increases in response. The ideal response was rarely observed. Figure 11b shows a
typical systems response to mercury addition. The red tracing is of the CPN system prior
to mercury addition, and the blue trace is the CPN system after mercury addition. There
is a shift in dye peaks; the polymer peak decreases relative to the dye peak, however
there is an observable overall quenching of the system.

Figure 11:a) – An ideal fluorescence spectrum of the CPN system. b) – The observed
fluorescence spectrum of the CPN system
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In an attempt to isolate the cause of the overall fluorescent quenching, variables
within the CPN formation procedure were systematically altered. Overall quenching only
occurred when all of the three-following species were present: CPNs, dye, and mercury
ions. If only two of the three were present, there was no overall quenching. Variables
considered to be a possible solution of quenching were: stock solution lifetime, polymer’s
exposure to light, additional polymers, polymer concentrations, polymer blend (the ratio
of PFBT to PVB-VA-VA), dye concentrations, contaminated THF, peroxide formation in
THF and CPN aggregation. A sample of recorded data from each study was presented in
Table 1. Additional information in the form of ultraviolet-visible spectra, fluorescence
spectra, fluorescence kinetic tracings, and DLS particle size distributions was also
collected depending on the study.
FL Study File Name

mmfl170116b

Date

170116

Lab Notebook

MAM1

Lab Page Number

132

THF Removal Process

Ar Bubbling

High Vac Time/
Change in Mass

1.1956

Ar

Hg added

No

PFBT Lot Number

16E02741 01/13/2017

PFBT age

18 hrs

New PVCoCo

-

PVCoCo Age

-

PVCoCo Ratio

-

PVCoCo Quantity

-

anh THF

170111

anh THF Lot Number

1415027

Dye Used

RB-S2 - MAM1 pg 107

Scan Type

Series
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Rationale

Testing the new PFBT
with no dye and no Hg
for over time stability

Table 1: An example of the data associated with for each study CPN study.

Procedural Variables
Stock solutions
To control for time-related variables, stock solutions were limited to a time window
of viability. PFBT was in solution for a minimum of 2 hours and a maximum of 24 hours.
PVB-VA-VA was solvated 24 hours prior to use and was limited to 5 days. Stock solutions
were kept under an inert atmosphere of argon gas. PFBT was covered in aluminum foil
to minimize light exposure.

Alternative Fluorescence Donating Polymer
PFBT was originally selected as the conjugated polymer because of its good
quantum yield, photostability and optimal spectral overlap with rhodamine dyes. PFBT
has a fluorescence maximum at 529 nm, while RB-S2 has a peak absorption of 535 nm.
To rule out an interaction between the dye and polymer causing the overall quenching,
an

alternative

conjugated

polymer

was

tested.

Poly[(9,9-dioctyl-2,7-

divinylenefluorenylene)-alt-co-{2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene}]

(PF-

MEH-PPV) selected for spectral overlap with RB-S2 and its ability to dissolve readily in
THF. These conditions allowed the PF-MET-PPV to replace PFBT with minimal changes
to the nanoparticle preparation procedure. The structure of PF-MEH-PPV is presented in
Figure 12. Replacing the polymer and holding other variables constant still resulted in
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overall quenching. These findings ruled out PFBT as the cause of the quenching.
Example spectra for CPNs formed from each polymer are presented in Figure 13.

Figure 12: The molecular structure of PF-MEH-PPV.

Figure 13: The fluorescence spectra of PFBT CPNs (Left) and PF-MEH-PPV CPNs
(Right) before and after mercury addition. The red tracing is prior to mercury addition and
the blue tracing is post mercury addition.

Copolymer Concentrations
The project’s standard CPNs are a blend of PFBT and PVB-VA-VA (2.7:1 by
mass). Initial thoughts were that the ratio between the two polymers had an impact on the
overall quenching process. The PVB-VA-VA was added to reduce aggregation by
stabilizing the polymer in solution. Altering the ratio of polymers, and even removal of
PVB-VA-VA, showed no notable reduction in overall quenching. PVB-VA-VA stability
plays a role in long term storage of the polymer; however, over the course of the few
hours from formation to testing, no notable aggregation formed. PFBT:PVB-VA-VA ratio
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was revisited multiple times over the course of the project, each time yield no notable
reduction in overall quenching or FRET response. The initial ratio of 2.7:1 remains the
project’s standard conjugated polymer blend.

Alternative Dye
Believing that the overall quenching could be related to dye, RB-S2, a new dye
was proposed, RB-1NI. The dye was chosen for the structural similarity with the original
paper.26 The dye was synthesized, isolated, and confirmed via NMR. RB-1NI was then
tested for mercury responsiveness. A fluorescence spectrum before and after mercury
addition along with a fluorescence kinetics trace are presented in Figure 14. The dye
successfully opened in the presence in mercuric ions. However, the mercury response
did not reach a steady state after 70 minutes. For comparison, RB-S2 reaches steady
state response after 2 minutes. Knowing RB-1NI productively reacts with mercury, it was
incorporated into CPNs. The system underwent the same overall quenching process as
with RB-S2. Example spectra of CPN systems using RB-1NI are presented in Figure 15.
Using an alternative dye provided no reduction in overall quenching of the system and
the time to reach steady state would make titration RB-1NI an extremely time-consuming
process. Therefore, the project continued with RB-S2 as the system’s fluorescent probe.
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Figure 14: Left Fluorescence spectrum of rhodamine B 1NI pre (red tracing) and post
(blue tracing) mercury addition. Right Fluorescence kinetic tracing of Rhodamine B 1NI

Figure 15:Left Fluorescence spectrum of CPN’s containing RB-1NI pre (red tracing) and
post (blue tracing) mercury addition. Right Fluorescence spectrum of CPN’s containing
RB-1NI during a mercury titration.

Alternative Source of Mercury Ions
To confirm the source of mercury ions was not responsible for the overall
quenching, a new set of stock samples was produced using the previously described
preparation method. In addition to creating stock solutions from mercury(II) chloride, a set
of stock solutions was produced from mercury(II) acetate. All three samples produced
similar results when introduced to the CPN system, indicating the quenching event is
independent of the selected mercury sample. It should be noted that the mercury(II)
acetate solution was used for comparison purposes and should be avoided due to its
effect on solution pH.
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Aggregation
Fluorescence quenching can be a result of CPNs aggregation. The addition of
polyethylene glycol lipids to CPNs has shown an increase in hydrophilicity and colloidal
stability.27,281,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N[methoxy(polyethylene glycol)-2000 (PEG2000-PE) was added to a preparation of CPNs
at a concentration of 0.040 mg/mL prior to the first filtration. The resulting studies
produced overall quenching similar to that observed in the absence of PEG2000-PE. A
fluorescence spectrum of CPNs prepared with the addition of PEG2000-PE is presented in
Figure 16. These findings support our previous investigation of PVB-VA-VA removal. The
CPNs may have improved long term stability, but over the duration of the fluorescence
study the addition of PEG2000-PE had no noticeable effect.

Figure 16: Fluorescence spectrum of CPNs formed with the addition of PEG2000-PE with
tracings pre (red tracing) and post (blue tracing) mercury addition
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Procedural Refinement
Argon Sparging
The initial CPN procedure called for the removal of THF under reduced pressure.
The removal of THF via argon sparging was proposed as an alternative method that could
yield an increase in consistency.11 Initial implementation of argon sparging utilized
equipment already on hand to provide a proof of concept. The initial argon sparging setup
tapped into a preexisting argon line that supplied the inert atmosphere for the dissolved
polymer. The new line was routed through a gas bubbler. Using the bubbler a flow rate
could be estimated in system in terms of bubbles per minute. This first iteration proved
successful, albeit with room for improvements.
The difference between pre and post sparging masses was recorded to quantify
the amount of THF removed from solution. The values for 61 studies were aggregated
and are displayed in Figure 17. All variables related to argon sparging were held constant
over the following studies. The goal was to have a change in mass greater or equal to 1
gram, while still checking for presence of THF with an olfactory smell test. The first 43
studies conducted using the bubbler to estimate the flow rate. For these studies the
average mass reduction was 1.71 grams, a standard deviation of 0.49 grams, a maximum
loss of 3.19 grams and minimum loss of 0.82 grams.
The first 43 studies provided enough verification for further use of the technique
for THF removal. To further improve reproducibility of sparging an argon flowmeter was
purchased. The meter replaced using the bubbler to estimate the flow rate with a
calibrated flow of 490 mL/min (a scale reading of 20mm). After implementing the
flowmeter 18 additional studies were conducted. The average mass reduction for the
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additional studies were 1.20 grams, a standard deviation of 0.04, a maximum loss of 1.30
grams, and a minimum loss of 1.13 grams. A plot of mass reduction per study is presented
in Figure 17, the dashed vertical line indicates when the studies started to use the
flowmeter. The figure illustrated how the addition of the flowmeter improved the
consistency of argon sparging markedly.

Argon Bubbling by Change in Mass
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Figure 17: The reduction of mass between pre and post argon sparging plotted per study.
The vertical dashed red line indicates between which study the flowmeter was introduced.
When removing THF via evaporation under reduced pressure, the change in mass
varied drastically between studies. The method also required additional dilution step to
account for the high loss of water and maintain uniform concentrations. The system
required additional setup time, monitoring, and hazardous compounds (liquid nitrogen,
potential for liquid oxygen formation).
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Argon sparging improved reliability, added additional quantifiable control, and
provided improved ease of use. Rate of mass loss can be controlled through argon flow
rate, hotplate temperature, and bubbling duration: Allowing for easy modification of the
procedure to increase evaporation, or work with temperature sensitive molecules. Argon
sparging also has the added benefit of degassing the solution, by displacing dissolved
gases with argon.

Cleaning procedure
The process of cleaning glassware consists of a rinse with THF, methanol,
acetone, then air drying. The process suffices to clean the glassware but was brought up
as a possible cause of the quenching or premature dye opening. The theory was that
residual particles or contaminants on the glassware were causing the dyes to open before
addition of the analyte. A more stringent cleaning procedure was put into place. In addition
to the standard washing procedure. All glassware was base bathed after uses for a
minimum of 12 hours. NaOH (750 g) was dissolved in a solution of propanol (4 L) and
water (1 L) to form the base bath. All glassware that contacted mercury was acid washed
with aqua regia. The additional cleaning steps provided no notable improvement in the
resulting studies. All subsequent studies resumed rinsing with THF, methanol, and
acetone.

THF Storage
Forming CPNs through nano-precipitation relies heavily on the solvent selection.
The good solvent must be miscible in water as well as selectively removed from the
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system. A common solvent combination is THF and water. THF readily dissolves most
polymers, is miscible with water, and can be removed from the system. Water is readily
available and purified on demand. However, without a solvent still, THF is difficult to store,
oxidizing readily with atmospheric oxygen to form peroxides.
Initial THF used for the nanoparticle formation procedure was ordered in 1 L
containers with inhibitors and stored in the fume hoods at room temperature. Syringes
were used to puncture the septum seal to draw THF from the vials. Multiple punctures
would result in breaks in the septum, exposing the THF to the atmosphere as well as
fragments of the septum into the bottle of THF. The only indication that there was an issue
with the THF was when CPNs would filter out. Filtering out occurred during CPN
preparation, when the CPN’s failed to pass through the 0.22 μm filter during the second
vacuum filtration. The solution would enter the vacuum filter yellow, and the filtrate would
come out colorless. No CPNs would be detected in the filtrate. Every subsequent CPN
procedure with the same THF supply once a filtering out event occurred would also filter
out. The sample THF would no longer be viable for CPN nano-precipitation.
Identifying the correlation between the THF and filtering out resulted in a shift of
purchasing. Rather than buy 1 L bottles of THF, 100 mL bottles were purchased instead.
There was a reduced chance of the THF spoiling before the entire bottle was used. The
negative impact of switching to smaller bottles of THF was the loss of economy of scale.
The smaller bottles had a higher cost per volume of THF. This was recouped in less
wasted THF and fewer occurrences of filtering out, saving time and other materials used
in the procedure.
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After switching to smaller sized bottles there was less of a need for inhibitors in the
THF. There was no visible benefit from removing the inhibitors from the THF, no increase
in fluorescent yield or change in particle size. However, it lessened the possibility of
unintentional reactions occurring. With bottles of THF now uninhibited, the containers
were stored to a lab freezer (< 0 °C) to reduce the rate of peroxide formation.
The polymer concentration is critical during nano-precipitation because polymer
concentration effects the size of the nanoparticles.17 Drawing a sample with a syringe
lacks the precision of a micropipette, but the seal septa on the vials can only be punctured
with a needle. Rather than use a secondary container for each addition of THF, wasting
additional THF, the first time a 100 mL bottle of THF is used it is divided into 20 mL argon
purged vials, sealed, and stored. This provides for ease of use for a micropipette, limits
exposure to oxygen, and further division of THF into smaller containers.
Filtering out events have dropped in frequency since modifications have been
made to the THF storage techniques. The use of a micropipette when drawing samples
has also improved confidence in polymer concentrations. These changes improved
reliability and consistency of the CPN formation.

Dynamic Light Scattering
There are many common techniques to separate nanoparticles based to their
size.29 However, many of the techniques available to other forms of nanoparticles are not
applicable to CPNs: they often bind to the stationary phase of column chromatography;
their density is similar to water, making density gradient centrifugation difficult; they are
not magnetic and therefore unable to size separate with a magnetic field; aggregation is
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not fully reversible making size-selective precipitation counterproductive. No technique
would be ideal, each having their list of pros and cons. The approach taken was to simplify
the procedure and refine it to the point of consistency. Rather than add additional steps
to the procedure, increasing the overall complexity, our approach was to improve
consistency through refinements to the procedure.
In addition to difficulties separating CPNs based on their size, nanoparticles can
undergo interactions overtime that cause their size to change. CPNs are capable of stable
suspension for months. However, over time they will aggregate, undergo Ostwald
ripening, and other size increasing events.30 To avoid broadening of the size distribution
“fresh” CPNs where produced for each study. An example sample of DLS studies taken
at the start and end of instrumentation is shown in Figure 18. The sample shows minimal
changes in size distribution of which most, if not all, is due to sampling error.

Figure 18: A comparison of DLS size distribution of the same study before ultravioletvisible, and fluorescence spectra are recorded (left) to after they are recorded (right). The
time difference between these two measurements is roughly an hour.
There were marked difficulties reproducing the size of the nanoparticles. In two
studies with the same starting materials with identical procedures the size distribution of
the particles could vary drastically. An example of the disparity size between studies is

47

presented in Figure 19. This example is one of the more extreme cases of variability,
nonetheless, it shows there are nuances to this procedure we are unaware of, and
conditions we are unable to control for.

Figure 19: A comparison of DLS size distribution for two identical studies. Do note the Xaxis between the histograms vary. Left has an average distribution of 80.0 nm while the
right has 25.2 nm

Retainment of THF
Over the course of the steps taken so far there has been a marked improvement
in consistency in initial fluorescence measurements, albeit without significant
improvements at reducing overall quenching. Up until this point the cause of the overall
quenching was believed to be caused by a faulty regent or solvent. It wasn’t thought that
one the steps required for nano-precipitation was done incorrectly. Having exhausted so
many variables and as the search for the possible cause widened it was only inevitable
that CPN formation was brought into question.
Skipping the THF removal process yielded an increased FRET interaction. The
system worked as intended and there was no overall quenching. The fluorescence
spectrum and accompanying kinetic tracing are displayed in Figure 20. The find was
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remarkable, yet disappointing. If retaining the THF was able to remove the overall
quenching the system was viable, but with the THF present the system could no longer
test in a completely aqueous environment. In the below figure the system contained
twelve percent THF by volume.

Figure 20: Left - A fluorescence spectrum of a CPN’s study done without the removal of
the THF. The red tracing prior to mercury addition and the blue tracing is after mercury
addition. Right - The fluorescence kinetic tracing of the same study.
If no nanoparticles were formed, the solution would consist of conjugated polymer
in solution, dye, and mercury. Each would interact with one another in a predictable
manner. The dye would open due to the mercury, and the polymer would amplify the
fluorescence signal of the dye through FRET. Therefore, the cause of the overall
quenching is related to the formation of the nanoparticles themselves.

Ring Opening
The “on-off” function of spirolactam rhodamine B derivatives is based on the
formation and degradation of the spirolactam ring. There are believed to be three main
causes of ring-opening interactions: specific molecules, time, or heat. A ring opening is
easily noted due the color change of the compound, usually a change from beige/white
to a pink. Opening can occur as a dried compound or in solution.
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Scheme 6: RB-S2 ring-opening mechanism proposed by Zhou, et al.
A similar fluorescent probe has been synthesized by Feng, et al.31 Their mercury
sensitive probe is based on a fluorescein backbone with the same mercury sensitive
functional group as RB-S2, a derivative of 2-thiophenecarboxaldehyde. They propose an
alternate method of analyte induced ring opening, depicted in Scheme 7. The mechanism
requires two fluorescent probes to coordinate around a central mercury ion. The drastic
difference in their proposed structure (Scheme 6) of the Hg-dye complex sows doubt in
the mechanism presented by Zhou, et al. It seems unlikely that two extremely similar
molecules would react in such a different manner. This was presented to illustrate our
understanding of the ring-opening mechanism is far from complete.

Scheme 7: FL-S2 ring-opening mechanism proposed by Feng, et al.
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Future Work

Table 2: A table depicting combinations of polymers, dyes, and mercury sources that
resulted in overall quenching of the CPN system.
Combinations of conjugated polymers, mercury sensitive dyes, and mercury
sources were altered to determine if one of multiple were a factor in the observed
quenching. Various combinations are displayed in Table 2. Columns in yellow represent
polymers, red represent mercury sensitive dye molecules, green represent mercury
sources, blue represents a procedural change, and white is if overall quenching was
observed. Despite the change in materials used, if CPNs, dye, and mercury were all
present quenching would occur. If one of those three materials was not present, then
quenching would not occur. The only other exception to overall quenching was if THF
removal was skipped, leaving THF in the system. The system is capable of producing
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water solubility of the dye molecules but without amplified fluorescence, or amplification
of fluoresce without water solubility. The system never successfully obtained the
theorized water solubility and amplification at the same time.
The initial goal of using this system as a ratiometic mercury sensor in aqueous
mediums appears unobtainable. The removal of the overall fluorescence quenching was
only observed when nanoparticles were not completely formed, and the solvent contained
THF. Nevertheless, the project has led to improvements in our understanding of CPN
systems. The work to isolate the cause of the overall quenching has resulted in
improvements in CPN preparation reliability and consistency. Looking ahead, this system
may be adapted to use an alternative fluorescence probe, one that reacts to a different
analyte.
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Chapter 3: Synthesis of a Relatively High pKa Rhodamine Derivative
Materials
Dye Synthesis
Rhodamine B, 99%, 1,2-Dichloroethane, 99+%, and L-Methionine methyl ester
hydrochloride, 98%, were obtained from Sigma-Aldirch. Phosphorus oxychloride was
purchases through Fluka Analytical. Silica Gel, Standard Grade, 60A, 40-63um (230 x
400 mesh), was purchased through Sorbent Technologies.

Instruments
Reduced pressure environment for evaporation under reduced pressure was
produced with a ChemStar 1400N by Welch. Rotary evaporation was conducted with a
BÜCHI Rotavapor R-200. 1H and 13C NMR measurements were performed on a 400-MR
NMR DD2 system by Agilent Technologies. All chemical shifts are reported in parts per
million downfield Tetramethylsilane, the internal reference solvent.

Experimental
Synthesis of Rhodamine B Methyl Methionine

Scheme 8: Rhodamine B methyl methionine synthesis
Rhodamine B methyl methionine (RB-MM) was synthesized according to literature
procedure.32

RB-MM was synthesized in a two-step-in-one-pot synthesis. The first
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product was Rhodamine B acid chloride (RB-Cl).33 Without further purification RB-Cl
underwent a condensation reaction with L-Methionine methyl ester to form rhodamine B
methyl methionine (RB-MM).
1,2-Dichloroethane (40 mL) was measured via a graduated cylinder and
transferred to a round bottom flask. Rhodamine B (0.5 g) was added to the round bottom
flask via a powder funnel. An additional 1,2-dichloroethane (10 mL) was used to rinse the
powder funnel, yielding a total volume of 50 mL. A football shaped stir bar was added to
the solution. The round bottom flask was placed on a hotplate to stir for 10 minutes, until
all the rhodamine B was dissolved. Phosphorus oxychloride (0.260 mL) was added to
the round bottom flask via micropipette. The hotplate was set to 105 °C via
thermoregulator, and the reflux condenser was lowered onto the round bottom flask. The
top of the condenser was sealed with a rubber septum and punctured with a 20-gauge
needle as a vent. Temperature was adjusted to maintain a reflux of one drop per second
for the following 5 hours.
The reflux column was removed, and the round bottom flask was transferred to a
secondary hotplate set to stir. As the solution cooled down to ambient temperature. Lmethionine methyl ester hydrochloride (0.350 g) was transferred to a 50 mL beaker
containing a mixture of triethylamine (2 mL) and acetonitrile (10 mL). A stir bar was added
to the beaker. The methyl methionine did not dissolve readily and was left to stir for 10
minutes forming a white cloudy mixture. The solution was added dropwise to the stirring
round bottom flask via glass pipette. Some undissolved methyl methionine remained in
the beaker, 5-10 mL was of the rhodamine solution was pipetted into the beaker to
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dissolve any remaining powder. The additional mixture was added dropwise to the round
bottom flask. The flask was sealed with a glass stopper and left to stir overnight.
The following day the stir bar was removed, and the solvents were removed under
rotary evaporation with the water bath set to 80 °C. A dark purple oily substance formed
with a white powder forming towards the top of the flask. Once dried the flask was
removed, chloroform (8 mL) was added along with a clean stir bar and the solution was
left to stir. The flask was swirled as need to dissolve any additional residue along the
sides of the flask.
The product was then purified using column chromatography. The column was
packed with silica gel via the slurry-packing technique.24 The eluent was a mixture of
dichloromethane and ethyl acetate (15:1 v/v). The first band to appear was only visible
under ultraviolet light, was believed to be unreacted reagents, and discarded. Collection
began at the second band, dark red in color. A large amount of eluent was collected as
the column produced a large amount of streaking. After most of the band was collected
and the elution was changed to pure ethyl acetate. The streaking band pushed through
completely while the other bands remain stationary. The product was dried under rotatory
evaporation with the water bath set to 80 °C. The round bottom flask was placed into the
preheated water bath as the solvent produced excessive bubbling. Once dried, the
product formed a beige colored powder. Product formation was confirmed via NMR.
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Synthesis of Rhodamine B Methionine

Scheme 9: Rhodamine B methionine synthesis
RB-MM undergoes a saponification reaction to produce rhodamine B methionine
(RB-Met).32
RB-MM (100.0 mg) was transferred to a 5.0 mL beaker. The formation of RB-MM
resulted in an oily product; therefore, it was advantageous to mass in a beaker. Methanol
(5.0 mL) was measured via graduated cylinder and transferred to the beaker. Sonication
was required to dissolve RB-MM completely. Deionized water (5.0 mL) was measured
via graduated cylinder and transferred to a 100 mL round bottom flask with a 14/20 ground
glass neck. Sodium hydroxide (70 mg) was added to the round bottom flask of water. A
stir bar was added. The flask was transferred to a hotplate to stir until the sodium
hydroxide was dissolved completely. The methanol and RB-MM solution was transferred
to the round bottom flask and the reflux condenser lowered. The top of the condenser
was sealed with a rubber septum and punctured with a 20-gauge needle as a vent. The
hotplate was set to 100 °C and controlled via thermoregulater. The reflux was watched to
maintain a rate of 1 drop per second. The reaction was left to reflux for 7 hours.
The solution remained faintly pink during the reflux. The solution was transferred
to a 20 mL clear vial and set to evaporate under reduced pressure. After the methanol
evaporated, roughly 5 mL, the solution became opaque and appeared to have a darker
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coloring. Evaporating under reduced pressure continued until 1-2 mL of water had been
removed. The vial was sealed, and the solution was left overnight (16 hours). A pink solid
precipitated and the solution became translucent. Careful not to disturb the solid, a glass
pipette was used to remove and discard the supernatant. The solid finished drying under
reduced pressure and the pink solid became a beige/white powder. The product was
purified via column chromatography. The column was packed with silica gel via the slurrypacking technique.24 The mobile phase was a mixture of dichloromethane and methanol
(15:1 v/v) with an addition of triethylamine (2 percent by volume). The triethylamine was
added to neutralize the silica gel acidity, reducing streaking. Band movement was
monitored under ultraviolet light. The product band was the second band, glowing orange
under ultraviolet light. The product was followed closely by a third band, appearing green
under ultraviolet light. The product was dried via rotary evaporation. Product formation
has yet to be confirmed.

Results and Discussion
pH sensitive fluorescent probes derived from rhodamine B show potential for
integration into CPN systems. Preliminary testing with a readily available pH sensitive
spirolactam rhodamine B has shown positive results. An example fluorescence spectrum
for one of these studies is presented in Figure 21. The system provides amplification of
the dye signal through fret and provides water stability to the rhodamine based dye.
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Figure 21: Fluorescence spectrum of pH sensitive CPN system. The red tracing is at a
pH of 7.3. Subsequent tracings are as the pH of the system is lowered. The purple tracing
is at a pH of 2.9.
pH sensitive dye molecules previously synthesized by the lab have pKa values
ranging from 4.31 to 5.72. These ranges are too low for testing with our current CPN
system. PFBT based CPNs begin to show signs of irreversible changes when the pH is
lowered below 4. The CPNs will begin to undergo these changes before all the dye
molecules have transitioned into an ring-opened form. Rather than use an alternative
polymer, work has transitioned into synthesizing a dye with a higher pKa value, RB-Met.
RB-Met has a reported pKa of 6.81 (±0.06).34 A dye with this pKa value should allow for
complete ring-opening within the pH viability of CPNs.
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Figure A1: 1H NMR Spectrum of RB-1NI
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Figure A5: 1H NMR Spectrum of RB-MM
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Figure A8: 13C NMR Spectrum of RB-MM
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Figure A9: 1H NMR Spectrum of RB-Met
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Figure A10: 1H NMR Spectrum of RB-Met (5.5-8.5 ppm)
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Figure A12: 13C NMR Spectrum of RB-Met
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Appendix B: Molecular Structure References

1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine-N-[methoxy(polyethylene glycol)-2000 (PEG2000-PE)

Fluorescein S2 (FL-S2)

Poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-(1,4-benzo-{2,1’,3}-thiadiazole)] (PFBT)
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Poly[(9,9-dioctyl-2,7-divinylenefluorenylene)-alt-co-{2-methoxy-5-(2-ethylhexyloxy)-1,4-phenylene}] (PFMEH-PPV)

Poly(vinyl butyral-co-vinyl alcohol-co-vinyl acetate) (PVB-VA-VA)

Rhodamine B 1-naphtyl isothiocyanate (RB-1NI)
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Rhodamine B acid chloride (RB-Cl)

Rhodamine B Ethylenediamine (RB-EDA)

Rhodamine B Hydrazide (RB-HA)
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Rhodamine B methionine (RB-Met)

Rhodamine B methyl methionine (RB-MM)

Rhodamine B S2 (RB-S2)
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Thiooxorhodamine B hydrazide (T-RB-HA)
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